We investigate the stability of the Standard-Model Electroweak (EW) vacuum in the presence of Planck-scale suppressed operators of the type φ 2n /M 2n−4 P that involve the Higgs field φ and could in principle be induced by quantum gravity effects. We show how minimal embeddings of the Standard Model (SM) in supergravity (SUGRA) can stabilize the EW vacuum against such operators up to very high values of the induced supersymmetry breaking scale M S , which may well be above the onset of the so-called SM metastability scale of 10 11 GeV. In particular, we explicitly demonstrate how discrete R symmetries could be invoked to suppress the occurrence of harmful Planck-scale operators of the form φ 2n /M 2n−4 P to arbitrary higher powers of n. We analyze different scenarios of Planck-scale gravitational physics and derive lower limits on the power n that is required in order to protect our EW vacuum from dangerous rapid decay. The significance of our results for theories of low-scale quantum gravity is illustrated.
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Introduction
The problem of stability of the electroweak (EW) vacuum [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] has been central not only in our understanding of the Standard Model (SM), but also in demystifying the very nature of possible New Physics (NP). In particular, recent measurements of the Higgs-boson and the top-quark masses seem to indicate that we live in a metastable Universe, in which the true, absolutely stable vacuum is not the one we now live in, of order 100 GeV, but at scales much higher than this, typically larger than 10 11 GeV. Why do we then still exist?
Earlier studies that attempted to address this simple but fundamental question were primarily focused on establishing bounds for the Higgs boson mass M H . Thus far, three different directions have been followed in the literature: (i) the EW vacuum v ≈ 245 GeV was considered to be absolutely stable, by requiring that the Higgs effective potential V (φ) does not take values lower than that of the EW minimum; (ii) the EW vacuum has become a metastable state representing a relative minimum of V (φ), but its lifetime turns out to be larger than the age of the Universe [2, 11, 16, 17] ; (iii) any possible higher-scale minimum of V (φ) happens to be degenerate with that of the EW vacuum, obeying some ad hoc principle of multiple criticality [18] . Postulating the latter principle enabled the authors of [18] to obtain predictions for the masses of the Higgs boson H and the top quark t, well before their discovery. The so-predicted masses came out to be surprisingly close to their current experimental central values: M t 173. 34 GeV and M H 125.09 GeV [19, 20] , within the expected theoretical errors [21] .
In the context of Quantum Field Theory (QFT), the decay rate of a metastable state (false vacuum) was first calculated by Coleman and Callan, who studied the decay in a flat spacetime background [22, 23] , and subsequently by Coleman and De Luccia, who included the effect of gravity [24] . The decay is triggered by quantum fluctuations that induce a finite probability for a bubble created at the true vacuum φ tv to materialize in a false vacuum (φ fv ) sea. Coleman and collaborators considered a scalar theory where the potential V (φ) has a relative and an absolute minimum at φ fv and φ tv , respectively, with an energy density difference V (φ fv ) − V (φ tv ) much smaller than the height of the "potential barrier", V (φ top ) − V (φ fv ), where V (φ top ) is the maximum of the potential between the two minima. Given this condition, the true vacuum bubble is separated from the false vacuum sea by a "thin wall", and this allows to treat the problem analytically, within the so-called thin-wall approximation.
With the discovery of the Higgs boson in 2012, the above question regarding the stability of the EW vacuum received renewed interest. The goal now is no longer to derive bounds on M H as a function of M t , but rather perform precision analyses beyond the leading-and next-to-leading-order approximation in an attempt to: (i) accurately delineate the interfacial region between absolute stability and metastability [25] [26] [27] [28] , (ii) study the consequences of the EW-vacuum stability on the evolution of the early Universe [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , and (iii) test the impact of the latter on the viability of different NP scenarios [25, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] .
Next-to-next-to-leading order (NNLO) computations of the SM effective potential V (φ) show that t-quark loops make V (φ) to turn over for sufficiently large field values of φ v. Taking the central values for M t and M H quoted above at face value, one obtains that a second lower minimum, φ tv , for the potential V (φ) gets developed, which is much deeper than the EW one v ≡ φ fv , for φ tv φ fv . Here, another relevant scale is the so-called metastability or instability scale φ inst [1] . The scale φ inst is defined as the value, for which V (φ inst ) = V (v) = 0, where the normalization of V (v) to a vanishingly small cosmological constant was considered. Hence, for φ > φ inst , the potential V (φ) becomes negative. For the central values of the Higgs and top masses reported above, one finds that φ inst ∼ 10 11 GeV. Moreover, in the SM the thin-wall approximation, i.e. V (φ fv ) − V (φ tv ) V (φ top ) − V (φ fv ), may not hold true in general. Consequently, the approximate results of [22, 23] and [24] may no longer be applicable. In this case, one is compelled to study this problem numerically.
The decay of the EW vacuum was first studied in a flat spacetime background, by considering the interesting possibility that the SM is valid all the way up to the Planck scale M P = 1.9 × 10
19 GeV, and any effects of NP and quantum gravity will show up only at this scale. A crucial assumption of this analysis was that for the calculation of the EW vacuum lifetime τ , the presence of NP operators suppressed by M P could be neglected [11] , and as such, τ was calculated by considering SM interactions only [11, 12, 25, [40] [41] [42] [43] [44] . The main reason for this simplification given in [12] was that even if Planckscale suppressed operators of NP were present, they can still be neglected because the instability scale φ inst ∼ 10
11 GeV happens to be orders of magnitude smaller than M P , thereby tacitly assuming the existence of some kind of a decoupling mechanism.
Restricting ourselves to SM interactions only, the lifetime τ of the EW vacuum was found to be much larger than the age of our Universe T U ≈ 13.7 × 10 9 years [25, 44] , i.e. τ ∼ 10 640 T U (see [52] ). This result is obtained when the effect of standard minimal gravity on the spacetime background metric is ignored. Taking the latter into account, τ gets "slightly" modified [53] [54] [55] : τ ∼ 10 660 T U (see [52] ). Moreover, if a non-minimal interaction ξφ 2 R between the Higgs field φ and the Ricci scalar R is considered, the lifetime τ will crucially depend on the value of the non-minimal coupling ξ. In particular, in the conformal limit ξ → 1/6, the result of τ obtained for a flat spacetime background is recovered [55] .
In most SM predictions for the lifetime τ of the EW vacuum, the working hypothesis was that NP operators appearing at scales close to M P ( φ inst ) will decouple and so have no relevant effect on τ . However, this hypothesis turns out to be misleading. It was shown in [45] [46] [47] [48] that the presence of such NP operators can drastically modify τ , when considering a flat spacetime background. On the other hand, it is expected on general grounds [24] that the inclusion of gravity will partially counteract the destabilizing effect of any Planckian NP on the EW vacuum. This prompted the authors of [56] to claim that its opposing effect will be so strong, so that the original SM predictions for τ (i.e. τ ∼ 10 660 T U ) will be re-obtained, thus enabling them to ignore the effect of Planckian NP on τ altogether. Nevertheless, a recent dedicated analysis does not corroborate such assertions, and the instability of the EW vacuum persists even if gravity is taken into account [52] .
It has now become more evident than ever that Planckian NP can strongly affect the stability of the EW vacuum and the presence of possible harmful Planckscale-suppressed operators of the form φ 2n /M 2n−4 P can no longer be ignored in the computation. Although we may not be able to exclude a priori such harmful operators, one may still wonder whether a protective symmetry can be invented in order to postpone their appearance to arbitrarily high orders n, so as to render their destabilising effect on the EW vacuum harmless. Our quest is motivated by analogous protective symmetries that were invoked in axion physics to suppress Planck-scale effects and so render the Peccei-Quinn mechanism for solving the strong CP problem effective [57] [58] [59] .
In this paper we will show how supergravity (SUGRA) embeddings of the SM [60] could be sufficient to protect the stability of the EW vacuum up to very large values of the soft supersymmetry (SUSY) breaking scale M S , above the so-called SM metastability scale of 10 11 GeV. Moreover, we will explicitly demonstrate how discrete R symmetries could be used in order to restrict the form of the holomorphic superpotential W, and so suppress the appearance of the harmful Planck-scale operators of the type φ 2n /M 2n−4 P to arbitrary higher powers of n.
The layout of the paper is as follows. After this introductory section, Section 2 provides the necessary theoretical background for our computations of the lifetime τ of the EW vacuum. In the same section, we use this theoretical background to reaffirm the known predictions for τ in the SM in the absence of any Planckian NP. In Section 3, we analyze the impact of the harmful operators of the type φ 2n /M 2n−4 on τ , for Planck-scale NP scenarios with M = M P and M = M P /10. Section 4 discusses minimal embeddings of the SM in SUGRA, which is a well-motivated theoretical framework that provides good control of Planck-scale physics. We will show how discrete R symmetries could be employed to postpone the appearance of harmful Planck-scale suppressed operators to higher powers of n, thus rendering them technically harmless and safe for the stability of the EW vacuum. In Section 5, we present a numerical analysis of a few representative scenarios with a low and high soft SUSY-breaking scale M S , i.e. for M S = 10 TeV and M S = 10
9 TeV. In all our numerical estimates, we consider the effect of gravity on the tunnelling rate from the false EW vacuum to the true and absolutely stable trans-Planckian vacuum. Finally, Section 6 contains our conclusions.
Theoretical Background
In this section, we will briefly review the theoretical framework needed for computing the tunnelling time τ from a Minkowski false vacuum φ fv to an Anti-de Sitter (AdS) true vacuum φ tv in the classical, leading-order approximation [22] . With the aid of this framework, we will then be able to re-establish the known results for τ in the SM, in the absence of any Planckian NP.
General Framework
We will now describe the general computational framework for evaluating the lifetime of the EW vacuum τ by considering first an Euclidean flat spacetime, before turning our attention to an O(4)-symmetric curved background metric.
Euclidean Flat Spacetime
Let us first consider the Euclidean flat-spacetime action for a real scalar field φ,
where V (φ) denotes the potential with a local minimum (false vacuum) at φ = φ fv , and an absolute minimum (true vacuum) at φ = φ tv . Taking into account the observed smallness of the cosmological constant, we require that V (φ fv ) = 0, which is an excellent approximation for our purposes.
In order to calculate the lifetime of the false vacuum, we have to first find the socalled bounce solution φ b (r) to the Euler-Lagrange equation of motion for φ derived from the Euclidean action S[φ] in (2.1). We note that the bounce solution φ b (r) is O(4)-symmetric and so depends only on the radial coordinate r. Moreover, it has to satisfy certain boundary conditions [22, 23] . More explicitly, φ b (r) must be a solution to the Euclidean Euler-Lagrange equation given bÿ
2) subject to the boundary conditions,
Here and in the following, an overdot indicates a derivative with respect to r.
Knowing φ b (r) enables us to evaluate the action S at φ b as follows:
In fact, following a reasoning similar to the one used to prove Derrick's theorem, the kinetic term 
S[φ
We now have all the ingredients to evaluate the decay rate Γ of the false vacuum, which is given by . In order to determine the lifetime τ ≡ 1/Γ of the false vacuum in the flat spacetime, we first solve numerically (2.2) with boundary conditions (2.3), and then use (2.5) to get the tunnelling exponent B of (2.6).
O(4)-Symmetric Curved Spacetime
The next step is to study the impact of gravity on the vacuum decay rate Γ. To this end, we consider the previous theory in a curved spacetime background, including the Einstein-Hilbert term governed by the Ricci scalar R. The Euclidean action now reads
where g µν is the Euclidean spacetime metric, with g ≡ det g µν , and M Pl is the reduced Planck mass. The latter is related to the ordinary Planck mass M P ≈ 1.9 × 10 19 GeV and the Newton's constant G N as follows:
Requiring now that the curved spacetime metric g µν be O(4)-symmetric, the (squared) line element may then be expressed as
where dΩ 2 3 is the unit 3-sphere line element and ρ(r) is the volume radius of the 3-sphere at fixed r coordinate [24] . The bounce configuration needed to calculate the false vacuum transition rate will be given now by the field and the metric solutions, φ b (r) and ρ b (r), to the coupled system of equations:
with κ ≡ 8πG N . Note that the first equation in (2.10) replaces (2.2), while the second one is the only non-trivial Einstein equation left by O(4) symmetry. As before, we set V (φ fv ) = 0 at the Minkowski false vacuum φ fv . As we are interested in the decay of the false vacuum to a true AdS vacuum, the appropriate boundary conditions read
We must remark here that besides the non-trivial solution (φ b (r), ρ b (r)), the coupled system of equations (2.10) subject to (2.11) also admits a trivial flat-space solution φ(r) = φ fv with a standard Euclidean metric ρ(r) = r. Moreover, the first condition in (2.11) implies that as r → ∞, the bounce φ b (r) approaches asymptotically the constant false vacuum solution φ fv , and so ρ b (r) acquires the form of a flat spacetime metric, since one hasρ b (∞) = 1 by virtue of the second equation in (2.10).
With the help of the Einstein equation,
∂ κ φ∂ κ φ + V (φ) is the energy-momentum tensor for the scalar field φ, the Ricci scalar R may then be easily determined by
Substituting (2.12) into (2.7) and using the metric (2.9) yields the simpler form for the action
Evaluating the action (2.13) for the false vacuum solution φ fv , we obtain S[φ fv , r] = 0, leading to the tunnelling exponent
Both in the flat and curved spacetime cases, an important parameter is the size R of the bounce. This is defined as the value of r, for which at r = R one has
By virtue of the bounce size R, the prefactor D in (2.6) may be estimated in the leading-order approximation. In fact, to a good approximation, the lifetime τ = Γ −1 of the false EW vacuum may be expressed in terms of R and the age of Universe T U as follows [67] , [11, 47] :
In all our numerical estimates, we will use (2.15) to compute the false vacuum lifetime τ .
Stability Analysis of the SM
An application of (2.15) of immediate interest to us is the computation of the lifetime of the EW vacuum of the SM effective potential V SM (φ). In this case, the field φ may be identified with the gauge
, where Φ is the usual SM Higgs doublet. For field values φ v, the Renormalization-Group (RG) improved effective potential may well be approximated as
where λ SM (φ) is the running quartic coupling evaluated at the RG scale µ = φ [2, 68] .
The running quartic coupling λ SM (µ) has been determined by solving a system of RG equations up to three loop-level accuracy [55] , after extending previous studies performed at two loops [25] . As noted in [69] , this may lead to certain inconsistencies, when counting the number of loops in the beta functions of the SM interactions, such as those for the Yukawa, gauge and scalar quartic couplings. Since our purpose is to give an order-of-magnitude estimate of the tunnelling time τ , we will not use the proposed refinement in [69] , as it leads to minimal changes, with no significant impact on the results of our analysis. Instead, we will adopt a more simplified but equally robust approach presented in [70] . In detail, we will approximate the RG-improved SM effective potential V SM (φ) up to two loops, by fitting the scalar quartic coupling λ SM (φ) to a three-parameter function:
with
Our numerical evaluations will rely on the SM effective potential V SM (φ) in (2.16), where λ SM (φ) is given by (2.17) and (2.18).
Before we carry on studying the impact of NP on the stability of the EW vacuum, we present in Table 1 the results of our analysis of the tunnelling time τ in the SM: τ SM /T U ∼ 10 639 (flat spacetime) and τ SM /T U ∼ 10 661 (curved spacetime). These results are in good agreement with those reported in the literature, e.g. see [52] . For completeness, we include in the same table the values of the profile φ(r) at the center of the bounce, φ 0 ≡ φ b (0), as well as the value V 0 of the potential (2.16) computed at the center, where V 0 ≡ V SM (φ 0 ).
Planckian New Physics Effects
In all our previous considerations, we have ignored the presence of Planck-scale suppressed operators of the type φ 2n /M 2n−4 in the SM effective potential V SM (φ) in (2.16), where M is of order M P . Such operators could in principle be generated by quantum gravity effects and as such, they cannot be excluded a priori from V SM (φ). If their contribution to the SM potential happens to be negative, they may have a dramatic destabilizing effect on our EW vacuum, as extensively discussed in [45] [46] [47] [48] for n = 3. For reasons that will become more clear below, we call such operators that contribute with a negative sign to V SM (φ) as harmful operators.
Let us consider a set of distinct φ 2n -models that could effectively describe unknown Planckian NP effects. To this end, we extend the SM effective potential as follows:
where n ≥ 3, and
Observe that all potentials V 2n (φ) in (3.1) reduce to V SM (φ) for φ M , as its NP part, V NP (φ), we will assume that c 1 is negative, but c 2 is positive, so as to ensure the convexity of the potential at high field values of φ M . Thus, the first term φ 2n /M 2n−4 in (3.2) represents a harmful operator, which we will use from now on to characterize both the φ 2n -model and its effective potential V 2n (φ).
In the following, we will analyze numerically the impact of the harmful Planck-scale NP operators φ 2n /M 2n−4 on the tunnelling time τ of the EW vacuum, for all n ≥ 3. To better assess the relevance of these operators, we will simply set c 1 = −2 and c 2 = 2. Moreover, we will investigate two Planck-scale scenarios with: (i) M = M P and (ii) M = M P /10, for both a flat and a curved background metric. 
Planck-Scale Scenarios with M = M P
We first consider a class of φ 2n -scenarios with scalar potentials V 2n (φ) given by (3.1), where the Planckian NP scale M is set equal to M P . As can be seen from the upper panel of Figure 1 and presented by dashed lines in multiple colours, the negative contribution of the harmful Planck-scale operators φ 2n /M 2n−4 P in (3.2) produces a second minimum in their respective effective potentials at φ ∼ M P . For comparison, in the same panel we display with a solid blue line the SM effective potential V SM (φ) given in (2.16).
A key quantity that determines the tunnelling decay time τ of the EW vacuum is the actual profile of the bounce solutions φ(r) ≡ φ b (r). These are depicted by dashed lines in multiple colours on the lower panel of Figure 1 for a flat background metric, where the Table 2 : Lifetime τ of the EW vacuum for a class of Planck-scale scenarios with harmful operators φ 2n /M 2n−4 , evaluated for a flat and a curved background metric. As input values for the NP parameters, we set c 1 = −c 2 = −2 and M = M P .
solid line in blue corresponds to the SM bounce. Note that all the bounces φ(r) reach their highest value close to r = 0, thereby giving the largest support to the tunnelling exponent B in (2.15). When normalising the effect of the harmful NP operators to the one originating from the SM potential term 1 4 λφ 4 , we get the ratio
Since φ(0)/M P ∼ 1 for all n ≥ 3, we expect that as n increases, R 2n will decrease and the predictions for the EW vacuum lifetime τ will get closer to the SM value τ SM presented in Table 1 . Indeed, this property is observed in Table 2 for the flat spacetime case. In order to get a lifetime τ much larger than the age of the Universe T U , we need to suppress all potentially harmful operators φ 2n /M 2n−4 P up to n = 6, while one gets τ ∼ τ SM when n ≥ 50. In the next section, we will outline a protective mechanism within a SUGRA framework, which can in principle give rise to such a suppression.
Let us now investigate the effect of a curved background metric on the EW vacuum lifetime τ . Unlike in the flat spacetime, an important novel aspect of the curved metric is that for increasing n, the bounce solutions φ(r) and ρ(r) rapidly tend to the corresponding SM bounces for n ≥ 4, as shown in Figure 2 . As exhibited in Table 2 , we obtain τ ∼ τ SM ∼ 10 661 T U (cf. Table 1) , for all Planck-scale scenarios with n ≥ 4. This stabilizing effect of gravity on the EW vacuum may also be attributed to the fact that for n ≥ 4, one finds φ(0) ∼ 0.07 which is smaller by more than one order of magnitude from the corresponding value in the flat spacetime. As a result, the size of NP contributions as represented by R 2n in (3.3) will decrease more drastically as n grows, for a curved spacetime metric. In the next section, we will explore whether this feature will persist for Planck-scale scenarios with a lower quantum gravity scale M . From the upper panel of Figure 3 , we observe that the minimum of the potentials V 2n is now located to a smaller value at φ min ∼ M P /10. The profiles of the bounces φ(r) for a flat spacetime metric are presented by dashed lines in various colours in the lower panel of Figure 3 , while the solid (blue) line stands for the SM bounce. In order to assess the impact of gravity, we give in Table 3 the lifetime τ of the EW vacuum, for both a flat and a curved spacetime background. As opposed to the previous scenarios, we now observe that the impact of gravity is less significant, and restoration of the SM prediction for τ takes place for n ≥ 41.
Comparing the flat-spacetime results exhibited in Tables 3 and 2 , we notice that the predicted values for the tunnelling times τ for each n turn out to be close. As before, we may understand this result by looking at the ratios,
Unlike the previous case M = M P , an extra factor 10 2n−4 now appears, because we have M = M P /10. As can be seen from the lower panel of Figure 3 , the maximum of all bounces reached at their origin (r = 0) approaches the value: φ(0)/M P ∼ 0.1. Hence, the enhancement factor 10 2n−4 in (3.4) gets compensated by a corresponding factor φ(0)/M P 2n−4 ∼ 10 −(2n−4) . As a consequence of this cancellation, the order-ofmagnitude estimates of the tunnelling time τ for the two Planck-scale scenarios, with M = M P and M = M P /10, will be comparable.
Let us now turn our attention to the curved spacetime analysis and the numerical estimates of the EW vacuum lifetime τ given in Table 3 . As mentioned earlier, the impact of gravity on τ is minimal in this case. This can be better understood by analysing the profile for the bounce solutions φ(r) and ρ(r), for n ≥ 3. As shown in Figure 4 , the bounces φ(r) quickly approach the ones found above in Figure 3 (lower panel) for the flat spacetime metric. Hence, we expect for the EW vacuum lifetime τ to be less affected by the presence of gravity, becoming independent of the radial coordinate ρ(r).
The above exercise illustrates how the occurrence of harmful operators in Planckian NP theories that happen to realise a relatively low scale of quantum gravity M face a serious destabilization problem of the EW vacuum. In the next section, we will discuss mechanisms that can naturally suppress the presence of leading harmful operators to sufficiently higher powers of n, within a minimal SUGRA framework.
Protective Mechanisms in SUGRA
Given our ignorance of a UV-complete theory of quantum gravity, Planck-scale gravitational effects are usually treated within the context of a low-energy effective field theory by considering all possible gauge-invariant non-renormalizable operators suppressed by inverse powers of a high-scale mass M , which is typically of the order of the reduced Planck mass M Pl ≈ 2.4 × 10 18 GeV. Specifically, gravitational effects on the SM scalar potential V SM (φ) along the gauge-invariant field direction φ = √ 2 (Φ † Φ) 1/2 ≥ 0, where Φ is the SM Higgs doublet, may be described by the effective potential
with V SM (φ) = − m 2 φ 2 /2 + λφ 4 /4. Depending on the sign and size of the coefficient λ 6 for the leading Planck-scale suppressed operator φ 6 /M 2 , the lifetime of the EW vacuum can vary by many orders of magnitude [45] . In particular, if λ 6 is negative and |λ 6 | large, the operator φ 6 /M 2 then becomes harmful and could lead to a dramatic destabilization of the EW vacuum, for both flat and curved spacetime backgrounds [52] . In the following, we will show how SUGRA embeddings of the SM [60] could protect the EW vacuum from rapid decay up to very large values of the soft SUSY-breaking scale M S , above the so-called SM metastability scale of 10 11 GeV.
To start with, let us first consider the Minimal Supersymmetric extension of the Standard Model (MSSM), in which only Planck-mass suppressed non-renormalizable operators involving the Higgs chiral superfields H 1,2 are considered. In other words, we ignore for simplicity non-renormalizable operators of all other chiral superfields in the effective superpotential W. In a SUGRA framework, W will then be given by
where
is the usual MSSM superpotential without the µ term, and H 1 , H 2 are the chiral superfields for the two Higgs doublets, Q, L are the chiral superfields for the quark and lepton left-handed iso-doublets, and U , D, E are their respective right-handed isosinglet counterparts. Here we follow the conventions of [71] . A comprehensive review of the EW sector of the MSSM is given in [72] . Note that in writing (4.3), we have suppressed all flavour indices from the lepton and quark Yukawa couplings h l , h d and h u .
To simplify matters, we consider that all our SUGRA embeddings are based on a minimal Kaehler potential K given by
where ϕ i is a generic chiral superfield and contributions from SU(2) L and U(1) Y vector superfields are not shown. At the tree level, the scalar SUGRA potential V may be written as a sum of three terms: V = V F +V D +V br , since it receives three contributions from:
, and (iii) the so-called SUSY-breaking terms (V br ) induced by spontaneous breakdown of SUGRA that may occur in the so-called hidden sector of the theory [60] . In particular, the F -and D-terms of the potential V may be calculated from the general expressions:
, (4.5)
etc, for a generic scalar field ϕ i , and G −1,ij is the inverse of the Kaehler-manifold metric:
In addition, g is a generic gauge coupling, e.g. of SU(2) L , f ab is the gauge kinetic function taken to be minimal, i.e. f ab = δ ab , and D a = K , ϕ T a ϕ are the so-called D-terms, where T a are the generators of the gauge group. Finally, the SUSY-breaking Higgs potential V H br generated from the effective superpotential in (4.2) is given by
For the purpose of this study, we will assume that the µ-term and the soft mass parameters m 2 1,2 and Bµ are of order M S , but all other SUSY-breaking A-terms A 2n could be as large as M . Although such an unusual assumption does not sizeably destabilize the gauge hierarchy for M S < ∼ 10 TeV, it can still significantly affect the predictions for the Higgs-boson mass spectrum. Here, we will not address the mechanism causing this large hierarchy between the soft parameters and the higher order A-terms, as it strongly depends on the details of the hidden sector in which SUSY gets spontaneously broken [60] .
Let us for the moment consider the SUSY limit of the MSSM, by ignoring the induced SUSY-breaking terms V H br in the scalar potential V . Assuming that the µ-term is of order M S and so negligible when compared to M Pl , the renormalizable part of the MSSM potential, denoted by V 0 , has an F -and D-flat direction associated with the gauge-invariant operator H 1 H 2 . In the absence of the µ-term, the scalar field configuration: 8) with ξ ∈ [0, 2π) and all other scalar fields taken at the origin, gives rise to an exact flat direction for V 0 , i.e. ∂V 0 /∂φ = 0. Here φ is a positive scalar field background with canonical kinetic term that parameterizes the D-flat direction. The CP-odd angle ξ indicates that the flat directions for H 1 and H 2 may also differ by an arbitrary relative phase ξ. Hence, the parameters (φ, ξ) describe fully the D-flat direction of interest. Now, in the flat-space limit M Pl → ∞, V 0F is positive, implying that V 0 = V 0F +V 0D ≥ 0, where the equality sign holds along a flat direction, such as the φ-direction.
The above property of a non-negative potential will generically persist in the minimal SUGRA for the full observable-sector potential V , namely upon the inclusion of gaugeinvariant non-renormalizable operators consisting only of MSSM fields. To see this, we first write the MSSM superpotential W as the sum: W = a W a , where W a is an arbitrary superpotential term labelled by the index a. Then, we notice that the only negative contribution to V can potentially come from both the cross terms and the last term that occur in V F given in (4.5). In particular, up to an overall positive factor e K/M 2 Pl , we have
In arriving at the last equality in (4.9), we used the fact that
SUGRA, where N a is the number of scalar fields ϕ i present in W a . Given that N a,b ≥ 2 for all superpotential terms in the MSSM, the last expression on the RHS of (4.9) will be non-negative, with a possible exception specific field configurations for which N a = N b . Thus, barring fine-tuning, the F -term potential V F of the observable sector in (4.5) will be non-negative 2 . Since V D ≥ 0 as well, the complete MSSM scalar potential, including the infinite series of the non-renormalizable operators, will generically be non-negative.
The above situation changes drastically, if the SUSY-breaking A-terms as given in (4.7) are added to the scalar potential V . For illustration, let us consider the minimally extended MSSM superpotential
which induces the SUSY-breaking potential
for the Higgs sector. For simplicity, we envisage a scenario for which m
Bµ. Moving along the D-flat direction as stated in (4.8), and upon ignoring radiative corrections for field values φ > M S , the leading part of the scalar potential takes on the simple form:
, (4.12)
where higher-order terms proportional to |µ|/M < ∼ M S /M 1 were neglected and m 2 = |e iξ Bµ−|µ| 2 | is arranged to be of the required EW order. Note that even if A 4 > 0, the field direction (4.8) with ξ = π/2 will make the coefficient Re(e 2iξ A 4 ) entering the potential V 4 in (4.12) negative. If A 4 is comparable to M , the quartic coupling φ 4 can become both sizeable and negative, giving rise to a potential V 4 that develops a new minimum of order M/|ρ 4 |, far away from its SM value. On the other hand, the higher powers φ 6 , φ 8 and φ 10 are all proportional to the positive coefficient |ρ 4 | 2 , thereby ensuring the convexity of the potential V 4 . Clearly, this exercise shows that SUSY is rather effective in protecting the stability of the EW vacuum from unknown Planckscale gravitational effects, unless the induced SUSY-breaking coupling A 4 happens to be of order M ∼ M Pl .
In the following, we wish to argue that SUSY may still be effective for protecting the stability of our EW vacuum, even for extreme scenarios with A 2n ∼ M Pl and M S above the metastability scale of order 10 11 GeV, along the lines of split-SUSY [73, 74] . To this end, let us first consider the following discrete symmetry transformations on the chiral superfields:
whereas the remaining iso-singlet chiral superfields, U , D and E, do not transform. Equation (4.13) implies: W → ω 2 W. If ω 2 = 1, the discrete transformations stated in (4.13) give rise to a global Z 2 symmetry, which is automatically satisfied by the complete effective superpotential W eff in (4.2) and the minimal Kaehler potential K in (4.4). For ω 2 = 1, however, the superpotential W is charged and (4.13) represents a non-trivial discrete R-symmetry, which is maintained by an appropriate rotation of the Grassmann-valued coordinates of the SUSY space.
We may now exploit this discrete R-symmetry in order to suppress lower powers of the non-renormalizable operators in the effective superpotential W given in (4.2), as well as the respective A 2n terms induced by W. Given that H 1 H 2 → ω 2 H 1 H 2 under the discrete R-symmetry transformations in (4.13), we may now require that
for n > 2. Note that for n = 1, 2, no non-trivial restrictions on the form of W will arise.
Let us therefore turn our attention to the case with n = 3 in (4.14). This leads to a scenario realizing the discrete R-symmetry Z R 4 , with ω 4 = 1 and ω 2 = −1 = 1. In this case, W takes on the form:
In such a minimal SUGRA framework with R-symmetry, the induced SUSY-breaking potential for the Higgs sector is expected to be of the form [60] :
As before, we assume for simplicity that the soft SUSY-breaking mass parameters m Bµ, so that they can be ignored. Likewise, we assume that only the leading ρ 6 -coupling and the A 6 term are sizeable and so relevant. In this case, along the D-flat direction (4.8), the scalar potential for φ > M S will acquire the simple form
(4.17) In fact, this last result can be generalized to a discrete R-symmetry Z R 2n−2 , with ω 2(n−1) = 1 and n ≥ 3. In this case, the leading form of the scalar potential V 2n for φ > M S becomes
In the above, we have also neglected all small terms that are proportional to |µ|/M . If A 2n > 0, the proper harmful D-flat direction is obtained for ξ = π/n, leading to the smallest negative coefficient for the φ 2n operator in (4.18), since Re(e n iξ A 2n ) = −A 2n < 0.
Before concluding this section, a number of important remarks are in order.
(i) It is essential that a discrete R-symmetry is employed and not a continuous one, in order to eliminate the harmful Planck-scale operators (
. At first instance, a continuous U(1) R-symmetry would have forbidden all these operators in the scalar potential for n ≥ 2. However, this would have led to a non-convex potential along the D-flat direction, thereby exacerbating the problem of stability of the electroweak vacuum.
(ii) One may worry that quantum effects may induce further non-renormalizable operators which in turn may alter the leading form of the potential in (4.18). However, these operators will have higher dimensionality than the leading harmful operator and also expected to be typically suppressed by an extra loop factor 1/(16π 2 ) ≈ 10 −2 [75] . Moreover, in Dimensional Regularization (DR), corrections to lower-dimensional operators φ 2n due to seagull graphs resulting from higher dimensional operators, such as φ 2n+2 and higher, are vanishing, if the field direction φ is taken to be massless. This is indeed a good approximation, given that m, M S M . Finally, possible corrections to SUSY-invariant F -term operators in (4.18) can only occur via two (or even powers) of SUSY-breaking operators. As a consequence, such higher-order corrections will be positive definite and so harmless for the stability of the electroweak vacuum.
(iii) It is known that soft SUSY-breaking bilinear and trilinear terms induced by the renormalizable superpotential W 0 cannot be arbitrary, as they can induce charge and colour breaking (CCB) minima [76] . Here we simply assume that these soft SUSY-breaking operators have been chosen so as to avoid the existence of dangerous CCB vacua close to the EW scale. As usually done in the formulation of the MSSM, we impose an extra non-anomalous matter-parity symmetry, the so-called R-parity, to ged rid of all renormalizable (B − L)-violating operators [77] , and so allow for a stable Dark Matter candidate and also ensure the longevity of the proton. Nevertheless, one may still worry that (B −L)-conserving non-renormalizable superpotential operators, such as Q Q Q L and U U D E, might produce harmful SUSY-breaking operators along their D-flat direction [76, 78] . It is easy to see that such operators are not permitted once the discrete Rsymmetry in (4.13) is imposed, assuming that ω 2 = 1. However, other harmful non-renormalizable operators of dimension-4 can survive, such as Q U Q D and Q U L E [76, 78] . In the present analysis, we have assumed that their SUSYbreaking A-terms are small enough to trigger transitions into a CCB vacuum, along their D-flat direction. Alternatively, one may extend the MSSM by adding an extra singlet and choosing other sets of discrete R-symmetries along the lines of [79] . Such explorations lie beyond the scope of the present study.
In the next section, we will use the leading form of the SUGRA-derived potential V 2n (φ) in (4.18), for field values φ > M S , in order to assess the stability of the EW vacuum against the presence of harmful Planck-scale suppressed operators.
EW Vacuum Stability in SUGRA Models
In this section, we will analyze the stability of the EW vacuum, upon minimally embedding the SM into an effective SUGRA theory that happens to predict the leading form of Planckian NP. We will consider a SUGRA-derived extension of the SM effective potential V 2n (φ) for Higgs field values φ above the soft SUSY-breaking scale M S . This means that for φ > M S , we will adopt the leading form of the SUGRA potential V 2n (φ) of (4.18). Instead, for φ < M S , the SM effective potential V SM (φ) given in (2.16) will be regarded to be an accurate approximation of the theory, i.e. V 2n (φ < M S ) = V SM (φ). Given that the reduced Planck mass M Pl [cf. (2.8) ] becomes the relevant mass scale in SUGRA, all mass parameters will be given in M Pl units. To simplify further our analysis, we identify the scale M in (4.18) with M Pl , i.e. M = M Pl .
As for the soft SUSY-breaking scale M S , we consider two different scenarios that realize: (i) a very large M S = 10 9 TeV; (ii) a relatively low M S = 10 TeV. In all scalar potentials V 2n (φ), we select the flat direction for which the CP-odd phase ξ in (4.8) is given by ξ = π/n. This gives rise to a harmful operator φ 2n /M 2n−4 Pl which has the largest negative contribution to V 2n (φ). Furthermore, for the induced SUSY-breaking trilinears A 2n , we assume that they take the following four discrete values:
Finally, we set all superpotential couplings ρ 2n = 1, for simplicity.
SUGRA Scenarios with M S = 10 9 TeV
We will first consider a minimal SUGRA scenario with M S = 10 9 TeV. The results of our analysis are exhibited in Table 4 , for different values of n corresponding to the SUGRA potentials V 2n (φ) [cf. (4.18) ]. In detail, Table 4 shows the value of the AdS vacuum energy V min ≡ V 2n (φ min ) at the Planckian AdS vacuum φ min , the field values, φ From Table 4 , we observe that for A 2n = M Pl , no noticeable stabilizing effect on the EW vacuum was found, notwithstanding the presence of gravity and the induced curved background metric. In fact, we have checked that τ flat ∼ τ curved , for very high values of n as well. Although this result may seem counter-intuitive, it certainly implies that the protective mechanism presented in Section 4 appears to be ineffective to assure the stability of our EW vacuum in this case.
As A 2n assumes smaller values as shown in Table 4 , e.g. A 2n = M Pl /5, we notice that unlike n = 2, the lifetime of the EW vacuum, τ flat and τ curved evaluated separately for a flat and a curved spacetime metric, gets prolonged, as expected. For all the scenarios with n = 2, the destabilizing effect of the negative φ 4 potential term is so strong that even the inclusion of gravity can no longer alter the value of τ . Otherwise, we anticipate on general grounds that the inclusion of gravity will increase the stability of the EW vacuum for all scenarios n ≥ 3. However, for the scenario with A 2n = M Pl /5, all low order harmful operators with n = 2, 3, 4 lead to lifetimes τ T U , as can be seen from Table 4 . When A 2n becomes even smaller, i.e. A 2n = M Pl /10 and A 2n = M Pl /50, a quicker stabilization of the EW vacuum is achieved and the predicted tunnelling time τ becomes much larger than the age of the Universe T U , for all scenarios with n ≥ 3 and n ≥ 2, respectively. This result is in agreement with the discussion presented in Section 3, since the negative A 2n -dependent contribution of the harmful operators to the potentials V 2n becomes less significant for scenarios with lower values A 2n .
Finally, it is interesting to observe that as n increases, the AdS vacuum φ min and the bounces, φ . In the same context, we have verified that the whole radial profile φ flat (r) will start to coincide with that of φ curved (r). In fact, the difference between τ flat and τ curved found in Table 4 will result from the two actions of the bounce solutions [cf. (2.5) and (2.13)],
which determine the tunnelling exponent B in (2.15). Hence, the deviation of the curvature of the metric, ρ = ρ(r) (curved spacetime), from the respective flat one, ρ flat (r) = r, will control the difference in the predictions for τ flat versus τ curved . Table 5 : The same as in Table 4 , but with M S = 10 TeV.
In Figure 5 , we give a concrete example, where we plot the bounces φ(r) (upper panel) and the curvatures ρ(r) (lower panel) for the potential (4.18) with n = 4 and A 2n = M Pl /5, for a flat (solid blue line) and a curved (dashed red line) background metric. We see that while the two bounce solutions for φ(r) practically coincide, the corresponding ones for ρ(r) differ from one another, thereby causing the prediction for τ flat to significantly deviate from that for τ curved .
SUGRA Scenarios with M S = 10 TeV
We will now study a class of minimal SUGRA scenarios with a soft SUSY-breking scale M S = 10 TeV. Such scenarios are better motivated, in the sense that they require a much smaller degree of fine tuning for solving the infamous gauge hierarchy problem. Otherwise, all other theoretical parameters take the same values as before. This exercise will allow us to probe the sensitivity of our results to M S . Table 5 summarizes the findings of our analysis.
As was the case for the SUGRA scenarios with M S = 10 9 TeV, we find similar features for those with M S = 10 TeV. As before, we obtain that for any fixed value of A 2n , the EW vacuum lifetime τ will increase with n. Likewise, τ will also increase, as A 2n decreases. Similarly, we notice that for n = 2, the destabilizing effect of the negative φ 4 potential term is strong enough to counter-act the respective stabilising effect thanks to gravity. As a consequence, the predictions for τ turn out not to depend on the choice of the background metric. As before, we observe that for A 2n = M P /50, the EW vacuum lifetime gets adequately prolonged, becoming much larger than T U , already from n = 2 and on.
If we compare the results presented in Table 5 to those in Table 4 , we will observe that the tunnelling times τ flat and τ curved are rather comparable, especially when n ≥ 3. Evidently, this suggests that even if gravity is taken into account, the bounce solutions to (2.2) seem to be insensitive to the matching of the SM effective potential V SM (φ) to the SUGRA potential V 2n (φ) for a wide range of φ values: φ = 10 − 10 9 TeV.
In order to gain further insight into this point, we consider a variant effective scalar potential V 2n (φ). To be precise, for φ < 10 TeV, we set V 2n (φ) = V SM (φ), and for φ > 10 9 TeV, V 2n (φ) = V 2n (φ). However, between the field values φ = 10 TeV and φ = 10 9 TeV, the new potential V 2n (φ) is assumed to follow an interpolating straight line. Interestingly enough, the tunnelling times τ , as well as the other parameters shown in Table 5 , come out to be close to the corresponding ones obtained when V SM (φ) or V 2n (φ) are used as an interpolation from 10 to 10 9 TeV. Consequently, the bounce solutions turn out to be insensitive to the shape of the potential in the above range of φ. This observation explains the robustness and the independence of our results for a wide range of soft SUSY-breaking scales: M S = 10 − 10 9 TeV.
Conclusions
We have studied the stability of the EW vacuum along the radial direction φ of the Higgs doublet in the presence of Planck-scale suppressed operators of the form φ 2n /M 2n−4 , where M is of order the Planck mass M P . Such operators can no longer be excluded in the presence of gravity, as they could in principle be generated by quantum gravity effects. If these operators contribute with a negative sign to the SM effective potential, they will in general have a destabilizing effect on the EW vacuum, and therefore we have called them harmful throughout this study.
After briefly describing the theoretical framework for evaluating the lifetime τ of the EW vacuum in the SM, we have employed it to re-establish the leading-order results for τ known in the literature (in T U units), i.e. τ SM ∼ 10 639 and τ SM ∼ 10 661 for a Minkowski and O(4)-symmetric gravitational background metric, respectively. In this theoretical framework, we have then evaluated the lifetime τ of the EW vacuum for simple scenarios of Planckian NP with convex potentials in the presence of harmful operators. For n = 3, M = M P and c 2 = c 1 = −2 [cf. (3. 2)], we recover the recent results quoted in [52] , thereby corroborating the importance of the harmful Planck-scale operators on τ , even in the presence of a curved spacetime metric, i.e. τ /T U ∼ 10 −122 . For such scenarios, we have found that longevity of the EW vacuum requires n ≥ 4, leading to τ > ∼ τ SM . Most remarkably, for theories with relatively lower scale M of quantum gravity, e.g. M = M P /10, a safely stable EW vacuum implies that all harmful operators up to n = 6 need to be either accidentally suppressed or naturally eliminated by the action of some symmetry.
Besides resorting to ad hoc accidental suppressions, in this paper we have explored the possibility whether the harmful Planck-scale operators of the form φ 2n /M 2n−4 could be eliminated naturally to leading order because of the action of some symmetry. In this context, we have shown how minimal embeddings of the SM in SUGRA can stabilize the EW vacuum against these harmful operators up to very high values of the induced SUSY-violating A-couplings A 2n and the soft SUSY-breaking scale M S . The scale M S may even lie above the so-called SM metastability scale of 10 11 GeV. In particular, we have explicitly demonstrated how discrete R symmetries, such as Z R 2n−2 , could be invoked to suppress the harmful operators to arbitrary higher powers of n. In this minimal SUGRA framework, we have analyzed different scenarios of Planck-scale gravitational physics and derived lower limits on the power n that will be needed in order to render the EW vacuum sufficiently long-lived. We have presented numerical estimates for a few representative scenarios realising a low and high soft SUSY-breaking scale M S , i.e. for M S = 10 TeV and M S = 10
9 TeV. In all our numerical estimates, the effect of gravity on the tunnelling rate τ from the false EW vacuum to the true Planckian vacuum was carefully considered.
The present study has revealed the severity of a problem for theories with lowscale quantum gravity. In particular, we have illustrated that such theories face serious difficulties in ensuring adequate longevity of our EW vacuum. These theories may have a string-theoretic origin [80] giving rise to realizations with a lower effective Planck mass, including models with large compact dimensions [81, 82] . It would be interesting to analyse the restrictions that can be derived from the evaluation of τ on the fundamental parameters of such theories.
